Telomeres are regions of repetitive nucleotide sequences capping the ends of eukaryotic chromosomes that protect against deterioration, whose lengths can be correlated with age and disease risk factors. Given their length and repetitive nature, telomeric regions are not easily reconstructed from short read sequencing, making telomere sequence resolution a very costly and generally intractable problem. Recently, long-read sequencing, with read lengths measuring in hundreds of Kbp, has made it possible to routinely read into telomeric regions and inspect their structure. Here, we describe a framework for extracting telomeric reads from single-molecule sequencing experiments, describing their sequence variation and motifs, and for haplotype inference. We find that long telomeric stretches can be accurately captured with long-read sequencing, observe extensive sequence heterogeneity of human telomeres, discover and localize non-canonical motifs (both previously reported as well as novel), and report the first motif composition maps of human telomeric diplotypes on a multi-Kbp scale.
Introduction
Telomeres are the functional ends of human chromosomes that naturally shorten with mitosis and age [ ], whose lengths can also be influenced by disease and environmental exposures (e.g., radiation, pollution, exercise, cancers) [ ]. While human telomeres are known to consist largely of a conserved six-nucleotide repeat (TTAGGG) [ ], several studies have identified variations of this motif in proximal telomeric regions [ -] . However, such studies were performed with oligonucleotide hybridization, PCR, immunoprecipitation, and short read sequencing, resulting in discovery, but not localization, of motif variants. Thus, long-range maps of telomeric sequence variation in the human genome are still lacking. Such maps can provide insight into telomere biology and enable novel approaches to analyze the effects of aging, disease, and environment on telomere structure and length.
To improve our understanding of telomere structure and sequence variation, we developed edgeCase, a framework for alignment, motif discovery, and haplotype inference from human telomeric reads. We have validated these methods using Genome in a Bottle [8] single-molecule real-time (SMRT) sequencing datasets generated with Pacific Biosciences circular consensus sequencing (PacBio CCS) [ , ] and short read Illumina [ ] datasets. These results provide evidence for multiple novel, non-canonical telomeric repeats, resolution of chromosome-specific diplotypes with SMRT sequencing, and a new method for long-range characterization of the structure of telomeric sequences.
Results

Telomeric reads are present in human long-read whole genome sequencing datasets
We aligned PacBio CCS reads of three Genome in a Bottle (GIAB) human subjects (HG , HG , and HG ) to a combination of the human reference genome and human subtelomeric assemblies (see Materials and Methods). In total, we observed reads mapping to the ends of chromosomes and extending past them into telomeric regions on p arms and q arms, with 6 such reads (∼ x mean coverage) in the HG dataset, (∼ x) in HG , and (∼ x) in HG . Figure schematically represents the alignment of such reads in the HG dataset; alignment plots for the other two datasets are available as a supplementary figure (Figure S ) , and full mapping statistics are available in Table S . Illumina reads from matching GIAB datasets supported .8%, 6 . %, and 8 . % of the candidate PacBio CCS sequence, providing average coverages of ∼ x, ∼ x, and ∼6x, respectively, by sequences supported by both technologies.
Telomeric reads contain variations of the canonical motif
We performed de novo repeat discovery in the supported regions for motifs of lengths through 6 and identified motifs in repeat contexts that are statistically enriched in all three datasets. The majority of motifs were either the canonical TTAGGG / CCCTAA, its variation (e.g., TTGGGG / CCCCAA), or a duplet of variants, such as TTAGGGTTAGGGG (Table ) . CG-rich motifs were also observed on the p arms. When the entire candidate PacBio CCS sequences were considered, the top enriched motif ( 
Long-read sequencing resolves human telomeric haplotypes
Sequences of telomeric reads clustered by relative pairwise Levenshtein distances [ ] with varying levels of heterogeneity depending on the dataset and the chromosomal arm to which they belonged. We examined the q arms of the HG dataset to investigate this heterogeneity, as they provided the deepest coverage (Table S ) , and found that, on out of the arms, reads clustered into two prominent groups per arm when maximizing the Bayesian information criterion [ ] (see Materials and Methods) . Pairwise distances between the reads within these clusters were significantly lower than those for out-of-cluster pairings, implying that distinct telomeric haplotypes are present. To quantify the differences between putative haplotypes, we calculated silhouette scores [ ] for these clusterings (Table ) , and generated motif density plots for the four chromosome arms with the highest such scores to visualize the differences in haplotypes (Figure ) .
Discussion
Repeat-rich, low-complexity regions of the human genome such as telomeres have been historically recalcitrant to full mapping and annotation [ ], mainly due to the alignment challenge they pose and to the read lengths required to span such areas [ 6] . The advent of long-read, single-molecule methods (third generation sequencing) has provided new opportunities to map the sequence composition of a previously "dark" area of the human genome. These results reaffirm that the canonical repeat (TTAGGG) is certainly the most dominant type of motif in telomeres, but also reveal a surprising diversity of repeat variations, which are confirmed by both short and long-read sequencing technologies. This diversity of repeats includes previously reported variants, as well as novel motifs that are characterized not only by nucleotide substitutions, but also insertions, deletions, and even motif pairing. Apart from these variations, CG-rich motifs were identified in telomeric regions of p arms, consistent with previously reported findings [ ]; interestingly, CG content was more pronounced in subtelomeric regions immediately adjacent to the telomere, which may have implications for epigenetic regulation. Moreover, while short read sequencing is able to identify such variants, it alone cannot reveal the relative locations of these motifs within telomeres, as repetitive short reads can neither be aligned outside of the reference genome nor provide enough overlap variability to be assembled de novo. Long SMRT reads, on the other hand, can be anchored to known subtelomeric sequences of the human genome and extend into the previously unmapped telomeric area. These results also highlight the need of better subtelomeric and telomeric annotations in the human genome. Four of the subtelomeric assemblies [ 8] were homologous to regions in the reference genome far within the respective chromosomes (up to 86 Kbp into the reference sequence), and the canonical motif was present on the q arm of chr8 only after -Kbp past the annotated boundary in all datasets, suggesting that the existing assemblies do not provide a completely accurate telomeric annotation, and that methods described herein could help to resolve these areas of reference genomes.
We observed PacBio CCS reads reaching up to Kbp beyond the known regions of the genome, and resolving the underlying sequence with reasonable fidelity -even without support from short reads, -both measured by the entropy of motif assignment and by pairwise Levenshtein distances between the reads belonging to the same chromosomal arms. While Illumina reads also provided support for all of the reported motifs, the overlap between the short and the long reads was substantial, but not complete, which can be explained by the necessary bias towards the canonical motif during the selection of short reads. Therefore, telomeric regions with higher content of non-canonical repeats are less likely to be identified through the use of short reads, and instead, long reads appear to be more suitable for this purpose as well. The identified variations in long range contexts enable clustering of SMRT reads into distinct haplotypes at ends of chromosomes, and thus provide a new means of diplotype mapping and reveal the existence and motif composition of such diplotypes on a multi-Kbp scale.
Materials and Methods
The extended reference genome
We constructed the extended reference genome by performing an all-to-all alignment of all contigs in the hg 8 reference genome [ , ] and the subtelomeric assemblies [ 8] with minimap [ ] using three settings for assembly-to-reference mapping (asm , asm , asm ). Forty subtelomeric contigs mapped to ends of hg 8 chromosomes with a mapping quality of 6 , one (XpYptel) mapped with the quality of and was discarded; one ( qtel) mapped to the ALT version of chr (chr _KI 8 6v _alt) with the quality of , which, in turn, mapped to the main chr chromosome with the quality of 6 . These data and the exact match and mismatch coordinates were used to create a combined reference (hg 8ext) in which subtelomeric contigs informed the locations of the boundaries of the telomeric tracts (tract_anchor). Such contigs that mapped fully within hg 8 chromosomes resulted in tract_anchor annotations directly on those hg 8 chromosomes;
partially mapping contigs were considered as forking from the hg 8 sequence and were similarly annotated by themselves.
Selection of telomeric reads and identification of repeat content
Three subjects were selected for the analysis. As telomeric reads contain long low-complexity regions and present an alignment challenge, we evaluated concordance of their sequences without realignment of their portions that extended past the reference sequence. To that end, for all reads mapping to the same chromosomal arm, we calculated densities of each motif in a rolling window starting from the innermost mapped position. To evaluate whether the reads on the same arm agree on the positions of different motifs, for each read, we calculated motif densities in bp windows with bp smoothing to buffer insertions and deletions. For each window in a read, the motif with the highest density was selected to represent that window. Then, normalized Shannon entropy among all reads was calculated in each window as S = , and the reads mapping to these arms did not contain these motifs, suggesting that either their subtelomeric annotations were incorrect or large insertions or duplications were present in the reference genome; in light of this, reads mapping to the p arm of chr , the q arm of chr , and both arms of chr were removed from the study, and the analysis was repeated.
Extraction of telomeric haplotypes
Within groups of reads mapping to each chromosome arm, all relative pairwise Levenshtein distances were calculated. In short, to calculate the absolute distance between each pair of reads, the sequences in the overlapping positions of the reads were extracted; the distance then equaled the minimum number of singlecharacter insertions, deletions, and substitutions required to make these sequences identical. The relative distance was computed as the absolute distance divided by the length of the overlap. Relative distances were then clustered using Ward's method via the Euclidean metric. The optimal number of clusters was determined by maximizing the Bayesian information criterion [ ], allowing for no more than one outlier and at least five reads per cluster, and silhouette scores for these clusterings were calculated. Briefly, as previously described [ ], a silhouette score of a clustering was computed as the mean value of silhouette coefficients of all entries, which, in turn, equaled (b−a) max (a,b) where a = mean intra-cluster distance and b = mean nearest-cluster distance for an entry. Levenshtein distances of all within-cluster pairings and of all outof-cluster pairings were compared using the one-tailed Mann-Whitney U test; p-values were adjusted with the Bonferroni correction. Distinct clusters of reads within the same chromosome arm (adjusted Mann-Whitney U p-value below . ) were reported as putative haplotypes. As the HG dataset was combined from two sequencing experiments, we investigated the provenance of reads in these haplotypes; reads from both sequencing experiments contributed to each haplotype with an average ∼ : ratio (Table S ) .
Availability and implementation
The software for identification of telomeric reads, de novo discovery of repeat motifs, haplotype inference and motif density visualization was implemented in Python and is freely available at github.com/lankycyril/edgecase.
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Figure :
Mapping of candidate telomeric PacBio CCS reads from the HG dataset. Chromosomes are displayed schematically, centered around the centromere, with only the arms shown to which candidate reads aligned. Vertical red dashed lines denote the position of the boundary of the annotated telomeric tract. Coordinates are given in bp, relative to the positions of the telomeric tract boundaries. in all three datasets), and red dashed lines denote the rd quartile ( . 66, . , and . , respectively).
